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@)  Long  term  mode  stabilization  for  distributed  bragg  reflector  laser. 

(57)  A  light  transmitter  comprising  a  distributed 
Bragg  reflector  laser  and  mode  stabilization 
feedback  means  is  described  for  maintaining 
the  laser  in  single  longitudinal  mode  operation. 
The  Bragg  reflector  is  electrically  tunable  via  an 
electrode  (12).  An  oscillator  (21)  provides  a 
small  oscillating  component  to  the  tuning  cur- 
rent  applied  to  the  electrode.  An  integrated 
photodetector  (14)  provides  a  photocurrent  and 
the  oscillating  component  is  detected  by  a  lock- 
-in  amplifier  (20).  The  output  of  the  detector, 
which  varies  with  the  first  derivative  of  the  light 
output  with  respect  to  tuning  current,  is  added 
to  the  tuning  current,  thus  completing  a  feed- 
back  loop.  The  effect  is  to  keep  the  centre  of  the 
Bragg  reflectivity  characteristic  centred  on  the 
main  mode. 
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Technical  Field 

This  invention  relates  to  semiconductor  lasers 
and,  more  particularly,  to  arrangements  for  stabiliz- 
ing  a  semiconductor  laser  to  maintain  a  single  fre- 
quency  or,  alternatively,  a  single  Fabry-Perot  mode 
output. 

Background  of  the  Invention 

Wavelength  division  multiplexing  permits  trans- 
mission  of  a  large  number  of  different  optical  chan- 
nels  in  a  lightwave  communication  system.  In  orderto 
accomplish  this,  it  is  generally  necessary  to  have  a 
plurality  of  light  sources  wherein  each  light  source  is 
tuned  or  set  to  a  particular  operating  wavelength  dif- 
ferent  from  the  operating  wavelength  for  the  other 
light  sources.  That  is,  no  two  light  sources  in  the  wa- 
velength  division  multiplexed  system  share  the  same 
operating  wavelength.  Tunable  single  frequency  (wa- 
velength)  lasers  such  as  distributed  feedbackand  dis- 
tributed  Bragg  reflector  lasers  are  sufficiently  versa- 
tile  to  meet  the  requirements  necessary  for  being  light 
sources  in  a  wavelength  division  multiplexed  light- 
wave  communication  system.  For  example,  see  IEEE 
J.  of  Quantum  Elec,  Vol.  QE-23,  No.6,  pp.  903-8 
(1987). 

Tunable  distributed  Bragg  reflector  (DBR)  lasers 
have  electrically  isolated  contacts  so  that  one  current 
can  be  applied  to  the  Bragg  section  while  a  separate 
current  can  be  independently  applied  to  the  gain  sec- 
tion.  For  example,  see  Elect.  Lett.,  Vol.  24,  No.  23, 
pp.1431-3  (1988)  showing  a  three-section  continu- 
ously  tunable  DBR  laser  having  Bragg,  phase,  and 
gain  sections.  By  applying  a  predetermined  current  to 
the  Bragg  section,  it  is  possible  to  tune  the  Bragg 
grating  and  therefore  the  Bragg  wavelength,  XB,  to  a 
wavelength  which  corresponds  to  a  wavelength  of 
one  of  the  longitudinal  or  Fabry-Perot  modes  of  the 
laser.  By  utilizing  this  technique  with  a  plurality  of 
tunable  DBR  lasers,  one  could  obtain  a  correspond- 
ing  plurality  of  individually  mutual  exclusive  wave- 
lengths,  each  for  a  separate  channel,  so  that  wave- 
length  division  multiplexing  can  be  achieved. 

As  the  tunable  DBR  lasers  in  the  wavelength  di- 
vision  multiplexing  application  described  above  are 
run  for  a  long  period  of  time,  the  devices  degrade  in 
performance  because  of  aging  and  material  defects. 
As  a  result,  the  Bragg  reflection  characteristic  drifts 
in  wavelength.  In  other  words,  the  effective  period  for 
the  Bragg  grating  drifts  or  changes.  The  wavelength 
drift  of  the  grating  can  be  large  enough  to  cause  a 
"mode  hop"  to  occur  wherein  the  originally  lasing 
longitudinal  mode  is  discriminated  against  by  the 
Bragg  grating  in  favor  of  another  mode  which  was  for- 
merly  a  side  longitudinal  mode  of  the  original  lasing 
mode.  In  the  wavelength  division  multiplexing  appli- 
cation,  this  would  cause  a  channel  experiencing  a 

mode  hop  to  appear  at  a  wavelength,  and  therefore 
a  different  longitudinal  mode,  from  that  originally  as- 
signed. 

5  Summary  of  the  Invention 

Wavelength  drift  resulting  from  aging  and  defects 
and  mode  hopping  are  substantially  eliminated  for  a 
distributed  Bragg  reflector  laser  by  monitoring  back 

10  facet  light  output  from  the  Bragg  section  of  the  laser 
and,  in  response  to  the  monitored  light  output,  control- 
lably  adjusting  the  effective  period  of  the  Bragg  grat- 
ing  in  the  Bragg  section  of  the  laser  so  that  single 
mode  operation  at  a  substantially  constant  wave- 

rs  length.  Controllable  adjustment  of  the  Bragg  period  is 
achieved  in  an  exemplary  embodiment  by  measuring 
a  characteristic  of  the  monitored  light  output  with  re- 
spect  to  the  Bragg  section  current  and  adjusting  the 
Bragg  section  current  in  response  to  the  measured 

20  characteristic  to  maintain  single  longitudinal  mode  op- 
eration  of  the  liner  at  a  substantially  constant  wave- 
length  during  long-term  operation. 

Brief  Description  of  the  Drawing 
25 

A  more  complete  understanding  of  the  invention 
may  be  obtained  by  reading  the  following  description 
of  a  specific  illustrative  embodiment  of  the  invention 
in  conjunction  with  the  appended  drawing  in  which: 

30  FIG.  1  shows  a  schematic  diagram  of  a  distribut- 
ed  Bragg  reflector  laser  in  combination  with  a 
feedback  control  circuit  for  maintaining  single  wa- 
velength  operation  in  a  desired  longitudinal 
mode; 

35  FIG.  2  shows  an  illustrative  plot  of  Bragg  wave- 
length  versus  applied  current  for  the  Bragg  sec- 
tion; 
FIG.  3  shows  a  graph  of  reflectivity  for  the  Bragg 
grating  versus  wavelength  difference  between 

40  the  Bragg  wavelength  and  a  longitudinal  mode  of 
the  laser; 
FIGs.  4  and  5  show  output  spectra  for  an  exem- 
plary  distributed  Bragg  reflector  laser  both  with 
and  without  control  of  the  Bragg  section  current; 

45  and 
FIGs.  6-8  show  detected  photocurrent  and  side- 
mode  suppression  ratio  versus  Bragg  section 
current  for  Bragg  gratings  of  varying  strength  in 
a  tunable  distributed  Bragg  reflector  laser. 

50 
Detailed  Description 

In  accordance  with  the  principles  of  the  present 
invention,  a  feedback  control  circuit  which  detects 

55  light  output  from  a  tunable  distributed  Bragg  reflector 
laser  and  controllably  adjusts  the  effective  period  of 
the  diffraction  grating  in  the  Bragg  section  of  the  las- 
er  insures  single  wavelength  operation  of  the  laser  in 
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a  predetermined  longitudinal  mode.  When  the  feed- 
back  control  circuit  is  operational,  the  laser  output  is 
substantially  single  wavelength  and  mode  hopping  of 
the  laser  is  substantially  eliminated.  The  exemplary 
feedback  control  circuit  shown  in  FIG.  1  uses  no  ex- 
ternal  optics.  An  error  signal  is  derived  from  a  photo- 
detector  integrated  with  the  laser.  The  photodetector 
measures  the  light  transmitted  though  the  Bragg  sec- 
tion  of  the  laser,  that  is,  the  back  facet  light  output  of 
the  laser.  The  error  signal  is  used  to  control  the  cur- 
rent  supplied  to  the  Bragg  section  of  the  laser.  By 
varying  the  current  to  the  Bragg  section,  the  period 
of  the  Bragg  grating  is  adjusted  causing  the  Bragg 
wavelength  to  coincide  with  a  predetermined  longitu- 
dinal  or  Fabry-Perot  mode  of  the  laser.  As  a  result  of 
this  tuning,  the  laser  output  exhibits  a  maximum  side- 
mode  suppression  ratio. 

FIG.  1  shows  a  simplified  schematic  diagram  of 
a  tunable,  multi-section  distributed  Bragg  reflector 
laser  together  with  an  exemplary  feedback  control 
circuit.  The  distributed  Bragg  reflector  laser  includes 
Bragg  section  1  0,  gain  section  1  1  ,  and  integrated  pho- 
todiode  section  14.  Bragg  section  10  includes  diffrac- 
tion  grating  (Bragg  grating)  16  and  metallic  contact 
12.  Gain  section  13  employs  a  multiple  quantum  well 
stack  in  the  active  region  which  is  controlled  via  con- 
tact  13.  Detected  photocurrent  is  output  by  photo- 
diode  14  via  contact  15.  Details  concerning  the  real- 
ization  and  fabrication  of  this  type  of  tunable  distrib- 
uted  Bragg  reflector  laser  are  well  known  in  the  art 
and  have  been  described  in  Applied  Physics  Letters, 
Vol.58,  pp.  1239-40(1991). 

In  the  feedback  control  circuit  shown  in  FIG.  1, 
the  current  to  the  Bragg  section  (ldbr)  is  biased  so  that 
the  feedback  operation  cannot  inadvertently  reverse 
bias  the  Bragg  section  of  the  laser.  Ahigh  speed  dith- 
er  signal  is  applied  by  oscillator  21  to  lock-in  amplifier 
circuit  element  20.  The  high  speed  dither  signal  is 
combined  with  the  detected  photocurrent  (ldet)  from 
photodiode  14  to  permit  detection  by  the  lock-in  am- 
plifier.  Following  detection,  this  signal  is  amplified 
and  fed  back  to  the  Bragg  section  as  an  element  of 
the  applied  Bragg  current.  The  dc  bias  of  the  Bragg 
section  is  supplied  as  current  ldbr,Dc- 

The  operation  of  the  circuit  is  as  follows.  A  small 
ac  current,  approximately  0.2mA  (peak-to-peak)  at  a 
frequency  of  approximately  100kHz  from  oscillator21, 
is  applied  to  the  Bragg  section  of  the  laser.  The  output 
power  is  Bragg  section  10  is  detected  by  the  integrat- 
ed  photodiode  14.  The  signal  from  the  photodiode  is 
applied  directly  to  lock-in  amplifier  element  20.  The 
first  derivative  of  the  light  output  with  respect  to  the 
current  applied  to  the  Bragg  section  (ldbr)  is  obtained 
by  detecting  the  100kHz  component  of  the  output 
power  using  lock-in  amplifier  element  20.  As  such,  the 
means  for  measuring  at  least  one  characteristic  of  the 
light  output  from  the  Bragg  section  of  the  laser  com- 
prises  photodiode  14  and  lock-in  amplifier  element 

20.  Following  amplification  of  the  detected  signal  by 
amplifier  22,  the  amplifier  output  is  fed  back  to  the 
Bragg  section  of  the  laser  thereby  closing  the  feed- 
back  loop.  As  such,  the  feedback  means  comprises 

5  lock-in  amplifier  20,  amplifier  22,  and  oscillator  21. 
Operation  and  construction  on  the  individual  compo- 
nents  of  the  feedback  control  circuit  are  known  and 
understood  by  those  skilled  in  the  art  and  are  not  dis- 
cussed  below  in  further  detail. 

10  FIG.  2  shows  an  exemplary  plot  of  the  variation 
of  the  Bragg  wavelength  as  a  function  of  the  Bragg 
current.  The  Bragg  wavelength  is  a  center  wave- 
length  for  the  reflectivity  characteristic  of  Bragg  grat- 
ing  16.  One  such  reflectivity  characteristic  is  shown 

15  in  FIG.  3  as  curve  300. 
As  shown  in  FIGs.  3  and  5,  the  sidemode  sup- 

pression  ratio  is  maximum  when  the  desired  longitu- 
dinal  mode  of  the  laser  is  at  or  near  the  center  of  the 
Bragg  reflectivity  characteristic  or  Bragg  band.  It  can 

20  be  seen  in  FIG.  3  that  this  occurs  when  the  main 
mode  is  at  the  Bragg  wavelength  corresponding  to 
point  301  on  the  reflectivity  characteristic  and  when 
the  side  longitudinal  modes  are  at  wavelengths  cor- 
responding  to  points  302  and  303  on  the  reflectivity 

25  characteristic.  As  shown  in  FIG.  5,  the  main  longitu- 
dinal  mode  501  far  exceeds  side  longitudinal  modes 
502  and  503,  both  of  which  appear  with  substantially 
equal  power  levels.  In  contrast,  the  sidemode  sup- 
pression  ratio  for  the  laser  is  degraded  when  the  main 

30  longitudinal  mode  is  not  centered  at  the  Bragg  wave- 
length.  This  condition  is  shown  by  points  301',  302', 
and  303'  on  the  reflectivity  characteristic  curve  300. 
The  degraded  sidemode  suppression  ratio  is  further 
shown  in  FIG.  4  wherein  output  spectra  400  shows  a 

35  main  longitudinal  mode  401  and  an  extremely  high 
side  longitudinal  mode  402.  This  imbalance  of  mode 
powers  seriously  degrades  the  sidemode  suppres- 
sion  ratio  of  the  laser. 

It  should  be  noted  that  the  reflectivity  of  grating 
40  16  in  the  Bragg  section  is  a  maximum  at  the  Bragg 

wavelength  so  that,  when  operating  at  the  Bragg  wa- 
velength,  a  smaller  fraction  of  light  is  transmitted 
through  the  Bragg  section  toward  photodiode  14.  The 
feedback  control  circuit  shown  in  FIG.  1  adjusts  the 

45  Bragg  section  current  in  a  controllable  manner  sothat 
the  amount  of  light  transmitted  through  the  Bragg 
section  is  minimized  which,  in  turn,  causes  the  de- 
sired  operating  wavelength  of  the  laser  to  be  simul- 
taneously  adjusted  close  to  the  center  of  the  Bragg 

so  band  atornearthe  Bragg  wavelength.  Of  course,  this 
implies  that  the  sidemode  suppression  ratio  of  the 
laser  approaches  its  maximum.  Once  set  to  the  de- 
sired  operating  wavelength,  the  laser  is  maintained  at 
that  wavelength  by  automatically  changing  the  Bragg 

55  section  current  via  the  feeback  control  circuit  in  order 
to  compensate  for  the  effects  of  aging.  In  an  example 
from  experimental  practice,  the  dc  bias  of  the  laser 
was  set  to  approximately  10mA  resulting  in  a  side- 

3 



5 EP  0  545  534  A1 6 

mode  suppression  ratio  of  36.6dB  for  a  desired  oper- 
ating  wavelength  at  1.528  m  without  any  feedback 
control.  After  the  feedback  control  circuit  was  closed, 
the  Bragg  section  current  changed  to  14.7mA.  This 
corresponded  to  a  point  where  the  light  detected  by 
photodiode  14  was  minimized.  The  sidemode  sup- 
pression  ratio  at  this  Bragg  section  current  rose  to 
53.2dB.  The  operating  wavelength  of  the  laser  was 
shifted  by  0.6A.  This  type  of  operation  with  the  feed- 
back  control  circuit  on  and  off  is  exemplified  in  FIG. 
3  by  the  viewing  the  modes  being  pulled  to  positions 
301,  302,  and  303  in  the  Bragg  band  where  the  main 
longitudinal  mode  of  the  laser  is  a  point  301. 

The  strength  of  the  grating  relative  to  the 
strength  of  the  facet  reflector  on  the  active  or  gain 
section  of  the  laser  is  believed  to  affect  the  perfor- 
mance  of  the  mode  stabilization  apparatus.  In  partic- 
ular,  when  the  Bragg  grating  strength  is  sufficiently 
close  to  the  strength  of  the  facet  reflector  of  the  gain 
section,  the  lock-in  amplifier  will  be  unable  to  detect 
any  points  where  the  first  derivative  of  ldet  is  zero.  One 
particular  example  fitting  there  conditions  occurred 
in  experimental  practice  and  is  shown  in  FIG.  7.  For 
the  example  shown  in  FIG.  7,  the  grating  strength  of 
Bragg  grating  16  was  kl_dbr~1.  It  can  be  seen  from 
curve  701  that  the  current  from  photodiode  14  does 
not  have  a  point  at  which  its  first  derivative  is  equal 
to  zero.  As  such,  the  feedback  control  circuit  is  unable 
to  find  a  suitable  wavelength  on  which  to  lock. 

The  example  depicted  in  FIG.  6  is  for  a  moderate- 
ly  strong  grating  where  kl_dbr  is  approximately  greater 
than  1  (for  the  example  in  FIG.  6,  the  grating  strength 
is  approximately  1  .3)  and  where  the  facet  reflectivity 
is  approximately  32%.  For  this  type  of  moderately 
strong  Bragg  grating,  the  mirror  losses  are  dominated 
by  the  front  facet  and  tuning  of  the  grating  has  negli- 
gible  effect  on  the  total  mirror  loss.  Output  power  of 
the  laser  does  not  depend  strongly  on  the  tuning  op- 
eration.  By  adjusting  the  current  to  the  Bragg  section 
of  a  laser  such  that  the  light  transmitted  through  the 
Bragg  section  is  minimized,  the  desired  operating  wa- 
velength  of  the  laser  is  simultaneously  adjusted  to  be 
close  to  the  center  of  the  Bragg  band,  that  is,  at  or 
near  the  Bragg  wavelength.  This  implies  that  the 
sidemode  suppression  ratio  of  the  laser  is  close  to  a 
maxumium.  As  shown  in  FIG.  6,  minima,  that  is,  points 
at  which  the  first  derivative  are  zero,  for  curve  601 
corresponds  to  maxima  for  the  sidemode  suppres- 
sion  ratio. 

In  lasers  having  a  very  weakgrating  such  that  the 
relectivity  of  the  Bragg  section  is  comparable  to  the 
facet  relectivity,  a  change  in  the  Bragg  section  cur- 
rent  strongly  effects  total  mirror  loss  and,  hence,  the 
threshold  current  to  the  laser.  In  this  case,  total  light 
output  varies  significantly  with  the  Bragg  section  cur- 
rent  and  reaches  a  maximum  when  the  Bragg  rele- 
ctivity  is  at  or  near  its  maximum.  Although  the  fraction 
of  light  transmitted  through  the  Bragg  section  to  pho- 

todiode  14  is  mimimized  at  this  point,  the  change  in 
detected  light  is  dominated  by  the  change  in  total  out- 
put  power.  Hence,  the  light  transmitted  through  the 
Bragg  section  is  at  a  maximum  when  the  desired  op- 

5  erating  wavelength  of  the  laser  is  near  the  center  of 
the  Bragg  band.  In  lasers  with  a  sufficiently  weak 
Bragg  grating,  it  is  possible  to  insure  a  high  sidemode 
suppression  ratio  by  adjusting  the  Bragg  current  to  a 
point  where  the  light  transmitted  through  the  Bragg 

10  section  is  a  maximum  rather  than  a  minimum.  This 
point  corresponds  to  a  zero  for  the  first  derivative  of 
the  current  output  by  photodiode  14.  The  case  of  a 
weak  Bragg  grating  is  depicted  in  FIG.  8  wherein  the 
Bragg  grating  strength  is  approximately  0.4  and  the 

15  facet  relectivity  is  approximately  32%. 
It  will  be  understood  by  those  skilled  in  the  art 

that,  while  the  description  above  relates  solely  to  tun- 
ing  the  Bragg  section  via  an  applied  current,  it  is  con- 
templated  that  the  same  circuitry  may  be  used  to  ap- 

20  ply  voltages  to  tune  the  Bragg  section. 

Claims 

25  1.  A  lightwave  transmitter  comprising; 
a  multi-section  distributed  Bragg  reflector 

laser  comprising  a  gain  section  and  a  Bragg  sec- 
tion  having  an  effective  period, 

means  for  measuring  at  least  one  charac- 
30  teristic  of  light  output  from  said  Bragg  section 

with  respect  to  current  applied  through  said 
Bragg  section,  and 

feedback  means  responsive  to  said  at 
least  one  characteristic  for  controllably  adjusting 

35  said  effective  period  of  said  Bragg  section  to 
maintain  laser  output  at  a  desired  spectral  value. 

2.  The  lightwave  transmitter  as  defined  in  claim  1  in 
which  said  at  least  one  characteristic  comprises 

40  the  first  derivative  of  the  light  output  intensity 
with  respect  to  said  current  through  said  Bragg 
section. 

3.  The  lightwave  transmitter  as  defined  in  claim  2  in 
45  which  said  feedback  means  maintains  said  first 

derivative  at  a  value  of  approximately  zero. 

4.  The  lightwave  transmitter  as  defined  in  claim  3  in 
which  said  feedback  means  maintains  the  value 

so  of  approximately  zero  at  a  local  maximum  in  the 
light  output  power  versus  Bragg  section  current 
characteristic  curve. 

5.  The  lightwave  transmitter  as  defined  in  claim  4 
55  wherein  said  Bragg  section  includes  a  diffraction 

grating  having  said  effective  period,  said  light- 
wave  transmitter  further  comprising  means  for 
adjusting  the  Bragg  section  current  to  said  Bragg 
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section  to  control  said  effective  period  of  said  dif- 
fraction  grating. 

6.  The  lightwave  transmitter  as  defined  in  claim  1 
wherein  said  at  least  one  characteristic  compris-  5 
es  the  light  output  intensity. 

7.  The  lightwave  transmitter  as  defined  in  claim  6 
wherein  said  feedback  means  maintains  said 
characteristic  at  a  local  maximum  in  the  light  out-  10 
put  power  versus  Bragg  section  current  charac- 
teristic  curve. 

8.  The  lightwave  transmitter  as  defined  in  claim  4 
wherein  said  Bragg  section  includes  a  diffraction  15 
grating  having  said  effective  period,  said  light- 
wave  transmitter  further  comprising  means  for 
adjusting  the  Bragg  section  current  to  said  Bragg 
section  to  control  said  effective  period  of  said  di- 
fraction  grating.  20 

9.  The  lightwave  transmitter  as  defined  in  claim  3  in 
which  said  feedback  means  maintains  the  value 
of  approximately  zero  at  a  local  minimum  in  the 
light  output  power  versus  Bragg  section  current  25 
characteristic  curve. 

10.  The  lightwave  transmitter  as  defined  in  claim  9 
wherein  said  Bragg  section  includes  a  diffraction 
grating  having  an  effective  period,  said  lightwave  30 
transmitter  further  comprising  means  for  adjust- 
ing  the  Bragg  section  current  to  said  Bragg  sec- 
tion  to  control  said  effective  period  of  said  diffrac- 
tion  grating. 

35 
11.  The  lightwave  transmitter  as  defined  in  claim  6 

wherein  said  feedback  means  maintains  said 
characteristic  at  a  local  maximum  in  the  light  out- 
put  power  versus  Bragg  section  current  charac- 
teristic  curve.  40 

12.  The  lightwave  transmitter  as  defined  in  claim  11 
wherein  said  Bragg  section  includes  a  diffraction 
grating  having  an  effective  period,  said  lightwave 
transmitter  further  comprising  means  for  adjust-  45 
ing  the  Bragg  section  current  to  said  Bragg  sec- 
tion  to  control  said  effective  period  of  said  diffrac- 
tion  grating. 
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